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Chapter-I 
Introduction 
Corrosion is the loss of useful properties of a metallic material as a 
result of chemical or electro-chemical reaction with its environment. 
Metals such as gold and platinum remain unaffected for centuries while 
others like copper, iron, aluminium, etc. are likely to change into their 
compounds when kept exposed to aggressive environment. The latter 
metals tend to revert back to the combined state forming oxides, 
sulphides, carbonates, etc. Deterioration by physical causes is not called 
corrosion but is described as Erosion, Galling or Wear. When the 
chemical or electrochemical and physical deterioration takes place 
simultaneously the damage produced is frequently for greater than the 
damage caused when they proceed one at a time. Corrosion erosion, 
stress corrosion cracking, corrosion fatigue, etc. are some examples of 
this type of cojoint action. Rusting of iron and iron based alloys is very 
common example of corrosion. Nonferrous metals corrode but do not 
rust. Corrosion processes form an interesting area for scientific studies 
which are f requent ly under taken by chemists, part icular ly 
electrochemists, metallurgists and chemical engineers. 
1.1 LOSSES DUE TO CORROSION 
Losses due to corrosion are so high that it has assumed great 
economic, importance throughout the world. It is expected that 1/4 part 
of the total production of metals and alloys go waste due to corrosion. 
Technological and economic consequences of the wastage of metals and 
alloys by corrosion can not be ignored now. A number of reports have 
appeared from time to time about the enormous financial losses in India 
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and other countries of the world. The annual losses due to corrosion in 
USA were estimated to be more than $ 300 billion. In India the annual 
losses due to corrosion has increased to more than Rs. 30,000 crores. 
From national economic point of view, it is necessary for scientists 
and engineers to adopt various ways and means to reduce the loss due 
to corrosion. With technological and industrial growth, the use of metals 
and their alloys is increasing very rapidly and any step in the direction 
of understanding the nature of corrosion, its mechanism and the way to 
control it, would be of great help to nation's economy. 
1.2 CAUSES OF CORROSION 
Except for the noble' metals, such as gold metals occur in the earth's 
crust as certain stable compounds, usually oxides, hydrated oxides or 
sulphides, sometimes basic sulphates, basic chloride or carbonates, etc. 
In reducing the 'ore' to metallic state, energy must be expanded to over 
come the affinity between the metal and non-metal. The metal thus 
produced, represents an energy rich state and if, as usually happens in 
service, it is exposed to oxygen and / or water, or to sulphur compounds, 
etc., they return to the lower energy state in which they originally occurred 
in the earth through the reactions involving drop of free energy i.e. an 
operation which will occur spontaneously. It is not surprising to find that 
iron heated in air acquires a scale of oxides, that iron exposed to air and 
water produces rust (hydrated oxide) or that copper exposed to an 
atmosphere containing a trace of certain sulphur compounds develops 
tarnish films. Since the earth is surrounded by oxygen and water vapours, 
it would be sensible, instead of asking the question 'Why do metal 
corrode?' to enquire how under these circumstances metals manage to 
escape corrosion. 
The amount of energy required and stored up varies from metal to 
metal. Some noble metals like gold, platinum and silver require least 
energy to convert their ores to metals (Most corrosion resistant), whereas 
for the metals like magnesium, aluminium, iron, it is relatively high. 
Metallic materials of general use are iron nickel, chromium, copper, zinc, 
aluminium, etc. Some of the metals or alloys corrode heavily in certain 
environments in which others remain unaffected. Iron when left to an 
industrial atmosphere, forms reaction products layer or rust (Fe2O3.H20), 
which is unable to protect the metal by the formation of a protective 
barrier. But in similar corrosive atmospheres copper forms an adherent 
green patina CuSO^ (3Cu(OH)2) which protects the metal by isolating it 
from the environment. 17% chromium is required in stainless steel to 
produce good corrosion resistance whereas, in Fe-base metallic glasses 
or amorphous alloys only at 8% Cr is necessary to develop the same 
degree of corrosion resistance. Broadly speaking both metallurgical 
structure and environmental conditions are important factors in the study 
of corrosion phenomena. 
1.3 FORMS OF CORROSION 
Corrosion leads to various forms of destruction depending upon the 
nature of the metal or alloy, the corrosive environment, stress etc. The 
corrosion is classified, on the basis of mechanism, outward appearance 
and altered physical properties into eight forms (1). They are uniform 
attack, crevice corrosion, pitting, intergranular corrosion, selective 
leaching, erosion-corrosion, stress-corrosion and hydrogen damage. 
1.4 ELECTROCHEMICAL THEORY OF CORROSION 
Though corrosion problem is as old as Man's knowledge about the 
uses of metals but its mechanism was not known uptill eighteenth century. 
Wallaston (2) produced first paper in 1801 regarding the mechanism of 
corrosion. The most acceptable electrochemical theory of corrosion was 
given by Whitney (3) direct also been specific corrosion in 1903. Various 
other theories namely acid theory (4,5) direct chemical attack theory (6). 
Colloidal theory (7) have also been put forwarded but they are mainly 
restricted to specific systems only. The electrochemical theory Is the 
only theory which is universally accepted and is applicable to most of 
the corrosion processes. 
Most of the corrosion reactions can be separated into two or more 
partial reaction which can be further divided into two classes, oxidation 
and reduction. An oxidation reaction is indicated by production of 
electrons as given below: 
M ^=^ M"" + e- (1) 
This reaction constitutes the basis of corrosion of metals. In a similar 
fashion, a reduction reaction is indicated by the consumption of electrons. 
For every oxidation reaction there must be a corresponding reduction 
reaction. In aqueous solutions, various reduction reactions are possible 
depending upon the system. Some examples of reduction reactions are: 
Hydrogen evolution : 2H^ + 2e"-> H2 (in acidic system) (2) 
Oxygen reduction : Oj + 4H"'+ 4e ' - » 2H2O (in acid solution) (3) 
: O2 + 2H2O + 4e" ->• 40H" (in neutral and alkaline 
solution) 
Metal ion reduction : M^" + e" -> M* "^-''^  (4) 
Metal deposition M*" + n e ' - > M (5) 
Oxidation reactions are known as anodic reactions while reduction 
reactions as cathodic. During the corrosion more than one anodic and 
more than one cathodic reactions may occur. Oxidation-reduction (redox) 
reactions can be understood by the example of corrosion of mild steel in 
sulphuric acid contaminated by ferric ions. Anodic reaction will occur as 
below: 
M^^=?M^" + e- (5a) 
All the component element of mild steel (e.g. Fe, Mn, etc.) go into 
the solution as their respective ions. The electrons produced by these 
anodic (oxidation) reactions will be consumed by the cathodic (reduction) 
reactions. In this case, reaction [4] can be represented as below: 
Pe+3+e--^ Fe''^ (6) 
Removing one of the available cathodic reactions (e.g. reaction [6] 
by removal ,of the Fe"^ "^ "^  ions) will reduce the corrosion rate. 
When a metal or alloy is immersed in a corrosive environment 
(conductive) different potential zones are developed on the surface of 
metal or alloy due to the presence of different metallic phases, grain 
boundaries, segregates, crystalline imperfections, impurities, etc. This 
difference in potential leads to the formation of anodic and cathodic areas 
on the metallic surface where oxidation and reduction reactions occur, 
respectively. These areas result in the formation of local action cell on 
the metallic surface. Local action cell can also form where there are 
variations in the environment or in temperature. The electrode potential 
is calculated from the nernst equation: 
zF (red) 
where, 
E^ = Standard electrode potential. 
R = Gas constant (1.98 cal/gm equivalent). 
F = Faraday constant (96,500 coulombs/gm equivalent). 
T = Absolute temperature. 
z = Number of the electrons transferred in the reaction, 
(ox) = Concentration of oxidized species (mol/l). 
(red) = Concentration of reduced species (mol/l). 
The potential of a reaction is related to its free energy (AG) by; 
AG = -zFE (8) 
A negative value for the free energy corresponds to spontaneous 
reaction, whereas a positive value of AG indicates that the reaction has 
no tendency to proceed. The change in free energy accompanying an 
electrochemical or corrosion reaction can be calculated from a knowledge 
of the cell potential of the reaction. 
It is the redox potential by which one can predict whether a metal 
will corrode in a given environment or not. 
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TABLE 1.1 
Standard oxidation - Reduction (Redox) potential at 398°K 
(EMF Series) (8,9) 
+ (Noble) Au ^=9 Au""^ + 3e' 1.42 
Pt ^=f Pt^2 + 2e- 1.2 
02 + 4H* + 4 e - = ^ 2 H 2 0 1.23 
Pd ^=r Pd*^ + 2e- 0.83 
Ag ^=f Ag"" + e" 0.799 
2Hg ^=9 H g / * + 26" 0.798 
Fe*3 + e- = ^ Fe*2 0.771 
02+2H20 + 4 e - ' ^ 4 0 H - 0.401 
Cu = ^ Cu^2 + 2e- 0.34 
Sn^^ + 2e- = ^ Sn-'^ 0.154 
2H^ + 2e- ^ ^ Hj 0.000 
Pb ^=r Pb^2 + 2e-
-0.126 
Sn ^=r Sn^2 + 2e-
-0.140 
Ni ^^ Ni*2 + 2e-
-0.23 
Co ^=9 Co^2 + 2e-
-0.27 
Cd '=r Cd^2 + 2e-
-0.402 
Fe ^=r Fe*2 + 26" 
-0.44 
Cr ^=r Cr*3 + 3e- -0.71 
Zn = ^ Zn^2 + 2e-
-0.763 
Al ^=r Ar^ + 3e- -1.66 
Mg ^=r Mg^2 + 2e-
-2.38 
Na ^=T Na* + e" -2.71 
K ^=^ K^ + e- -2.92 (-) Active 
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A new series 12 "Galvanic series" has been suggested (10) 
overcome the limitations of the EMF series. In galvanic series metals 
and alloys are arranged in accordance with their actual measured 
potentials in a given environment. Such a series of metals and alloys 
immersed in sea water is given in Table 1.2. For simplicity and because 
corrosion potential of a given metal often shows considerable variation, 
the actual potential values are usually eliminated and table is merely 
presented as a listing of metals and alloys with positive corrosion 
potentials, usually referred to as active or anodic at the bottom. In the 
absence of actual tests in a given environment, the galvanic series gives 
a good indication, within some limitations of the corrosion resistance of 
metal and alloys. For example, aluminium is anodic to zinc according to 
EMF series whereas zinc is shown anodic to aluminium in the galvanic 
series in marine atmosphere it is actually observed that zinc is anodic to 
aluminium. Although more useful than EMF series, the galvanic series 
can not be used to predicting corrosion rates. A galvanic series is more 
relevant and practical for predicting galvanic effects than the EMF series. 
TABLE 1.2 
Galvanic series in sea water (3% NaCI) of some 
commercial metal and alloys 
Platinum 
Gold 
Graphite 
Silver 
18-8-3 Stainless Steel, Type 316 
18-8- Stainless Steel, Type 304 
13% Chromium Stainless Steel Type 410 
Nickel Alloy 
Bronze 
Copper 
Brass 
Nickel 
Manganese Bronze 
Muntz Metal 
Tin 
Lead 
Stainless Steel Type 316,304,410 
Cast Iron 
Wrought Iron 
Mild Steel 
Aluminium 2024 
Cadmium 
Al Clad 
Aluminium 
Galvanized Steel 
Zinc 
Magnesium Alloys 
Magnesium 
Cathodic (noble) 
(passive) 
(passive) 
(active) 
(Passive) 
(active) 
(active) 
Anodic (active) 
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1.5 PREVENTION OF CORROSION 
Many methods are adopted to minimize the damage due to corrosion. 
These are essentially (a) selection and control of the material, (b) 
appropriate design of the structure, (c) application of various types of 
coatings, (d) cathodic and anodic protection and (e) alteration of the 
environment. Details of various these methods may be found in the 
extensive literature on corrosion control (11-13). 
One of the major methods of corrosion control particularly in closed 
systems is the use of corrosion suppression reagents called inhibitors. 
An inhibitor is a chemical substance which when added in a small 
concentration to the corrosive environment causes a substantial reduction 
in the rate of corrosion of metal either by reducing the probability of its 
(deterrent) rate of reducing or by the occurrence attack (retardant) or by 
both. An inhibitor useful for a particular corrosion system may be harmful 
to another under certain situations. 
1.6 INHIBITORS 
The definition of an inhibitor favoured by the NACE is 'A substance 
which retards corrosion when added to an environment in small 
concentrations (14). Inhibitors may also be defined on electrochemical 
basis as substances that reduce the rates of either or both of partial 
anodic oxidation/or cathodic reduction reaction. 
From 19th century onwards vegetable wastes, plant extracts 
(15-17) and animal proteins were used as inhibitors. Putilova et al (18) 
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Figure 1.1 Mechanism of action of corrosion inhibitors based on 
polarization effects. 
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have reviewed i.e. metallic corrosion inhibitors. Reviews on organic 
inhibitors (19-21) and organic sulphur compounds have been published. 
Several books have been published on the subject (22-24). Besides, the 
university of Ferrara, Italy, conducts a symposium on corrosion inhibition 
once in five years (25). All the International Seminars on corrosion 
discuss the developments and application of corrosion inhibitors (26,27). 
Various books on corrosion, review the subject in a precise manner 
(28-30). These show that the information on this subject is extensively 
available and also shows the importance of this topic. Inhibitors may be 
classified into several groups i.e. passivators, precipitators, vapour phase 
inhibitors, cathodic inhibitors, anodic inhibitors, neutralizers and 
adsorbent. 
The passivating type of inhibitors are mainly inorganic oxidizing 
chemicals (e.g. chromate, nitrite, nitrate etc.) which can 'passivate steel 
in absence of oxygen and when added to the corrodent, facilitate the 
anodic process of oxide film formation by retarding the cathodic current 
density or by increasing the field potential value to more negative values 
and subsequently promoting the anodic process. The other passivating 
type inhibitors are inorganic non-oxidizing chemicals (eg. phosphate, 
tungstate, molybdate, etc.) which require the presence of oxygen to 
passivate steel. Passivating inhibitors are most effective of all inhibitors 
because they can stifle corrosion almost completely. Passivating 
inhibitors are also known as "dangerous inhibitors" because uncertain 
conditions they can accelerate corrosion. The pickling inhibitors usually 
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nitrogen or sulphur containing organic compounds like thiourea, amines, 
azoles, etc. are classified in the category of non-passivating inhibitors 
which have a slight effect on the corrosion potential and act mostly by 
adsorption. On the basis of mechanism of inhibition, inhibitors can be 
classified as: 
1.6.1 Anodic Inhibitors 
Those substances which reduce the anode area by acting on the 
anodic sites and polarise the anodic reaction are called anodic inhibitors. 
In the presence of anodic inhibitor, displacement in corrosion potential 
(E ) takes place in positive direction, suppress corrosion current (I ) 
and reduce the corrosion rate (Fig. 1.1a). In aqueous acid media, the 
corrosion of metal takes place at the anodic area through metal 
dissolution. The cathodic reaction generally involve the reduction of 
hydrogen ions or by oxygen reduction to hydroxyl ions. These reactions 
may be represented schematically shown in Fig.1.1. The curve E^ ^^ A^ 
represents reaction while E^^ ^^ C represents the cathodic reaction and 
the point B where both anodic and cathodic reactions intersect 
corresponds to corrosion potential (E ) and corrosion current (I ). 
•^  "^  ^ corr.' corr.' 
The substances which retard the anodic reaction lead to the enhancement 
of anodic polarization. In this situation, anodic curve becomes E^  (Fig. 
' ' corr ^ ^ 
1.1a) and current 1^  corresponding to o is less than I (corrosion 
corr. ' ** corr. ^ 
current In the absence of the inhibitor) and the rate of corrosion Is 
decreased. Anodic Inhibitors which cause a large shift in the corrosion 
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potential are called passivating inhibitors, if used in insufficient 
concentrations, they cause pitting and sometimes an increase in corrosion 
rate. With careful dosage control, anodic inhibitors are frequently used 
because they are very effective in sufficient quantities. Anodic inhibitors 
cause passivity by speeding up the corrosion reaction to the extent that 
the anodes are polarized to a passive potential. If corrosion of a metal 
or alloy is controlled by the anodic reaction (anodic control), it is obvious 
that decrease in overall corrosion should be proportional to the portion 
of the anodic areas being polarised. On the other hand, if corrosion is 
controlled by the cathodic reactions (cathodic control), the corrosion 
current and, therefore, the total amount of corrosion is not affected by 
decreasing the anodic areas. In this case, the same amount of corrosion 
must be distributed over a smaller anodic area, resulting in intensified 
localized attack (pitting type of corrosion). 
The inhibition mechanism of the anodic corrosion inhibitors has been 
a matter of long dispute and there have ben two points of view advanced 
to explain their action. One supports the formation of protective insoluble 
film on metals in the presence of the inhibitors while the other can be 
understood in such a way that the inhibitors get adsorbed by specific 
force of interaction or through chemisorption on the surface of metals. 
(a) Protective Film IVIechanism 
It has been observed that most of the potassium and sodium salts 
containing anions act as anodic inhibitors by forming a sparingly soluble 
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salt with the metal. Hoar and Evan (31) have shown that chromates react 
with ferrous ions and percipate an adherent protective film of hydrated 
ferric and chromic oxides on the anodic areas. It has been shown that 
dur ing the inhib i t ion of corros ion by sodium hydroxide (32), 
orthophosphate (33), nitrate (34), chromate (35) and other anodic inhibitor 
like sodium carbonate, acetate, benzonate and molybdate (36) in aerated 
solutions, there occurs the formation of an individual protective thin film 
by Y -fe^ O3. 
(b) Adsorption Mechanism 
According to Uhilg (37), for inhibition oxide film formation is not 
necessary; primary inhibition by chromates and other oxidising inhibitor 
is due to physical and activated adsorption-chemisorption, through 
valence forces of the surface metal atoms are satisfied. These views 
were confirmed from the measurement of electrode potential as well as 
the measurement of residual activity of an iron sample immersed in 
radioactive chromate solution and subsequently washed thoroughly with 
distilled water (38-40). Later on, Hackerman (40) found that anions 
adsorbed at the oxide solution interface were responsible for inhibition 
rather than the formation of metal oxide film. 
1.6.2 Cathodic Inhibitor 
Those substances which reduce the cathodic area by acting on the 
cathodic sites and polarise the cathodic reaction are called cathodic 
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inhibitors. They displace the corrosion potential (E^^^^) in the negative 
direction and reduce corrosion current {\^^^^), thereby retard cathodic 
reaction and suppress the corrosion rate (Fig. 1.1b). In this situation, 
the point of intersection is at o and corresponding current (1^^ ^^ )^ will be 
lower that without inhibitor {\^^„)-
The cathodic inhibitors, with a few exceptions (41) do not lead to 
intensified or localized attack, since cathode areas are not attacked 
during corrosion. If corrosion is controlled by cathodic reaction, the added 
cathodic inhibitor would decrease cathodic area and hence over all 
corrosion rate. On the other hand, if corrosion is controlled by anodic 
reaction, decrease in cathodic area would increase cathodic current 
density but will have no effect on the nature of corrosion. The increase 
in cathodic current density may cause the reduction of substance present 
which would not otherwise be reduced. Mann et al (42-44) and other 
investigator (45-48) working on numerous organic inhibitor in acid media 
have proposed that inhibitor exist in onium structure and get absorbed 
on the cathodic areas of the surface by force of physical adsorption, and 
chemisorptlon. In contrast, Bockris and Conway (49) have claimed that 
the action of cathodic inhibitor is due to an increase of the hydrogen 
over voltage rather than by an adsorbed inhibitor film on the metal 
surface. The cathodic inhibition due to the general adsorption of the 
inhibitors on the metal surface remains, however, the most accepted 
theory (50,51). 
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Like anodic inhibitors, cathodic inhibitor are not dangerous but safe, 
when present in solution in insufficient quantities and involved no 
additional risk of pitting attack. Cathodic inhibitor may be divided into 
three categories. 
(a) Cathode Poisons 
When the cathodic reaction is the reduction of hydrogen ions to 
hydrogen gas, several steps are involved. The hydrogen ions are reduced 
to hydrogen atoms which are adsorbed or the surface of the metal. 
2H* + 2e- - > 2H°(ads) (13) 
Two hydrogen atoms may be then combine to form a hydrogen 
molecule which is discharged from the surface: 
2H°(ads) ^ H jT 
Cathodic poisons are substances which interfere with the formation 
of hydrogen atoms or recombination of hydrogen atoms to hydrogen gas 
on the surface of the corroding metal. The rate of the cathode reaction is 
showed and because anodic and cathodic reaction must proceed at the 
same rate, then the whole corrosion process is showed. Some cathodic 
poison such as sulfides and selenids are adsorbed on the metal surface. 
Other compound of arsenic, bismuth and antimony are reduced at the 
cathode to deposit a layer of the respective metals. Sulfides and selenides 
generally are not useful inhibitor because they are not very soluble in 
acidic solutions, they precipitate many metal ions and are toxic. A serious 
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drawback in the use of cathodic poisons is that they sometimes cause 
b l is ter ing of steel and increase its suscept ib i l i ty to hydrogen 
embrittlement. Since the recombination of hydrogen atoms is inhibited, 
surface concentration of hydrogen is increased and a greater function of 
the hydrogen produced by the corrosion reaction, is adsorbed (52) by 
the steel. 
(b) Cathode Precipitates 
Ca (HC03)2, Zi^SO^ are the examples of this type (filming type) of 
inhibitor and some other compound with cations that migrate towards 
the surface and react with cathodically formed alkali (mild) to produce 
insoluble protective film or layer thus lessening corrosion current by 
making the cathode reaction more difficult. 
Ca^2 + 2HCO-3 + OH- • CaC03 + HCO-3 + H2O (15) 
(From hard (Cathodic alkali) (Cathodic film) 
water) 
Zn^2 + OH- • Zn(0H)2 (16) 
(From cathodic (cathodic (cathodic film) 
inhibotor) alkali) 
Hard water are less corrosive to iron than soft or distilled water. 
(c) Cathode Scavengers 
The most common scavengers used are sodium sulfite, sulphur 
dioxide and hydrazine which remove dissolved oxygen from aqeous 
solution. 
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2Na2S03+02 - > 2Na2S04 (17.1) 
2SO2+O2 +2H2O - ^ 2H2SO4 (17.2) 
N2H4+O2 - > N2 + 2H2O (17.3) 
Such inhibitors will function on very efficiently in close system where 
oxygen depolarization (reduction) is the controlling cathodic reaction, 
but will not be effective in strong acid solutions. 
The advantage of hydrazine over sulphite in boiler water corrosion 
control is that former does not cause an increase in hardness of the 
water with accompanying danger of boiler scale formation in the presence 
of free calcium ions. Besides, the liberation of ammonia by reaction: 
3N2H^ -^ M^ + 4NH3 (14) 
Leads to an alkalisation of water to reduce free carbon dioxide 
concentration. The reaction rate of sulphite, sulphur dioxide and 
hydrazine with oxygen at low temperature is slow. So catalyst like cobalt, 
maganese and copper salts are unusually added to increase the reaction 
rate. 
1.6.3 Mixed Inhibitors 
There are a number of chemicals which inhibit the metallic corrosion 
by interfering with both the anodic and cathodic reaction are called mixed 
inhibitor. This type of inhibition can be represented by Fig. (1.1c) The 
anodic and cathodic reactions are represented by E"^  A and E"^  C 
•' corr. corr. 
respectively and corrosion current E'" A and E"^  C respectively 
corr. corr. "^  •' 
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and corrosion current ^'^^Q^ in presence of such type of inhibitors is 
considerably less than that in their absence. Glue Gelatin and other high 
molecular weight substances fall in this category. It is believed that the 
action of such type of inhibitor at the metal-liquid interface is due to 
their concentration or coagulation providing a shield to the metal surface. 
Machu (53,54). Claim that their action Is mainly due to formation of porous 
layer which increases the electrical resistance of the surface layer. 
1.7 METHODS OF STUDYING CORROSION INHIBITORS 
The testing method of corrosion inhibitors covers a spectrum of 
activities ranging from studies of protection mechanisms through the 
search for new inhibitors and the appraisal of competitive commercial 
products to the monitoring industrial systems in which inhibitors ar being 
used. Recently the measurement of corosion rates in the presence of 
corrosion inhibitors by wieght loss and electrochemical methods have 
been reviewed by Mercer (55). The important methods for investigating 
the corrosion inhibitors are as follows: 
1.7.1 Non-Electrochemical Methods 
The effectiveness of an inhibitor is assessed in terms of inhibition 
efficiency (I.E.) which is given by the formula: 
W o - W , 
IJ^/O = 
where, 
Eo/o  ^2:ozJ21xioo 
Wp = Weight loss of specimen in the given medium without 
the inhibitor 
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W^ = Weight loss of specimen in the given medium with 
the inhibitor 
1.7.2 Electrochemical Methods 
The electrochemical methods are most widely used for the study of 
inhibitors. 
1.7.2.1 Polarisation Methods 
In this method the behaviour of inhibitor is understood by drawing a 
Tafel plot Fig. 1.2 in absence and presence of inhibitor. 
The percentage inhibition is calculated from the formula 
jgo/„=toco,r.-W.^QQ 
Wrr. 
where, 
'ocorr ~ Corrosion current density (Corrosion rate) in absence of 
inhibitor. 
'corr ~ Corrosion current density (Corrosion rate) in presence of 
inhibitor. 
The corrosion rate is determined from the polarization data in two 
ways: 
(a) Tafel extrapolation method 
(b) Linear polarization method 
In Tafel extrapolation method the linear portion of the Tafel curve is 
extrapolated. The point of intersection is referred to as I 
•^  corr. 
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Figure 1.2 Polarization curves for a corroding electrode 
E = Corrosion potential 
corr 
I = Corrosion current 
corr 
Linear polarization method, provides the value of absolute corrosion 
rate from the following relation. 
^corr. - - ^ 2.3(p,+pJ Rp 
where, p^  and p^ are Tafel constants. 
1 Ai 
^ = - ^ = polarization resistance 
The inhibition efficiency of the inhbitor can be determiend from 
ac Impedance method (56,57) by the following forumla: 
1 1 
Rt Rt 
IE% =—^^-j ^xlOO 
R7^  
' o 
R, and R, are the charge transfer resistance with and without 
inhibitor. 
For determination of R^  very small potential is applied as a function 
of frequency (usually 10 KHz - 1MHz). The impedance of the corroding 
system for various frequencies can be measured using lock-in-amplifier. 
A plot of Z' (real) vs Z" (imaginary) for various frequencies gives a 
semicricle (Nyquist plot) which cuts the real axis at higher and lowr 
frequencies. At higher frequency it corresponds to Rg and at low 
frequency it corresponds to (Rg + R )^. The difference between the two 
values gives Rt. From R^  the corrosion current can be calculated using 
stearn-Geary equation. 
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Pa.Pc . , . 
'^°" 2.3(P,+pJ Rp 
The double layer capacitance can be determined from the frequency 
at which Z" is maximum from the relation. 
max. 27tCdiRt 
1.7.3 Other Methods 
The methods such as radio tracer technique (58), spectroscopic 
methods (59-61), X-ray photo electron spectroscopy (62), Auger electron 
spectroscopy (63), ellipsometry (64), hydrogenpermeatiion (65) have also 
been used for studying the inhibition phenomenon. 
1.8 CORROSION INHIBITION BY VAPOUR-PHASE CORROSION 
INHIBITORS (VCIs) 
Vapour-phase corrosion inhibitors are organic compound with vapour 
pressure of about 10'^-10'^ mmHg (66) which when present as vapour 
inhibit the corrosion of ferrous and non-ferrous metals. Their vapours 
form an extremely thin film over certain metal surfaces, especially on 
iron and steel, thereby rendering them passive. This type of corrosion 
inhibitor is useful when oil, grease or other adherent films are unsuitable. 
The inhibitor is transmitted as vapours, and the vapours phase is 
controlled by the structure of crystal lattice and the nature of atomic 
bond in the molecule. The protective vapour expand within the enclosed 
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space until the equilibrium determined by their partial pressure of the 
vapour is reached. The higher the vapour pressure, the sooner the 
saturation of protected space. For practical purposes, it is preferable to 
use less volatile inhibitors that provide long-lasting and durable protection 
over periods of 2 years to 3 years and protection of breathable enclosures 
and enclosures where changes of local atmosphere occur. 
The efficiency of a vapour phase concession inhibitor depends on 
its ability to be adsorbed on the metal surface, strength of this adsorption 
and temperature dependence of Its vapour pressure. Each of these 
properties depends on the chemical structure of the inhibitor. 
Roserfeld (67) studied the effect of structure and the influence of 
substituents (OH, NOj, NH2) on the effectiveness of inhibitors. It was 
shown that for ferrous metals, aromatic nitrogen bases were ineffective 
corrosion inhibitors, even when additional hydroxyl or nitro groups were 
introduced. The majority of strong bases of aliphatic and alicyclic 
compounds were effective vapour phase corrosion inhibitors. He found 
that cyclohexylamine, hexamethyleneime, piperidine, morpholine and 
benzylamine were the most effective bases. It was claimed that the 
effectiveness of benzoates could be increased by the introduction of a 
highly electrophilic nitro group into the ortho position or two nitro groups 
into the meta positions with respect to the carboxyl group. These groups 
reduce the electron density in the aromatic ring. Miksic (68) claimed that 
nitro group, induced polarization shifts the steady-state potential of the 
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metal in the positive direction, inhibiting the anodic reaction. Compounds 
that cause reduction of the nitro group increases the oxidising properties 
of the inhibitor. 
Trabanelli (69) listed the inhibiting efficiency values of various 
aliphatic, alicyclic and aromatic amines as VCIs. He concluded that 
aliphatic and alicyclic compounds show inhibiting efficiencies superior 
to those of the aromatic substances having similar vapour pressure. 
Trabanell i , in a further attempt correlated (70) the inhibitors 
efficiency with the adsorption phenomenon involves the availability of 
electrons on the atom or atoms considered as reaction centres for the 
formation of the metal inhibitor bond. Naturally, the steric factors can 
also play a determining role on the inhibitor's action. 
Singh and Banerjee (71) categorized VCIs according to application 
to various metals, such as ferous and non-ferous metals and alloys. 
Iwanow et al (72) investigated the vapour phase corrosion inhibitors 
and their possible application for the protection against corrosion in many 
types of technical objects such as internal spaces of steam and water 
power and refinery plants as well as in enclosed cavities of steel 
structures (bridges, ships, pylons etc). 
Ashish Gandhi (73) examined volatile corrosion inhibitors can 
protect the bottom of storage tanks used in the oil and petroleum 
industries. These systems can be used in conjunction with traditional 
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corrosion central method of catholic protection. Ashish Gandhi (74) 
described the application of volatile corrosion inhibitors in boiler and 
cooling towers. 
Zhang et al (75) discussed vapour phase rust proofing technology 
and its application for protection of off-stream thermal power equipment 
including the introduction of vapour phase inhibitors and carries for the 
inhibitors. 
The possibility of a vapour phase corrosion inhibitor, cyclohexy-
lamine carbonate (CHC) for protecting chemical equipment was studied 
by Wei Gang et al (76). The results showed that CHC can provide good 
protection for chemical equipment in the vapour saturated environment. 
CHC was considered a physical adsorption inhibitor, which was suitable 
for enclosed system. 
Hara Yuichi (77) investigated the compound containing ethylene 
polymers, which are cross-linked with silane after extrusion and volatile 
corrosion inhibitors, which prevented discoloration of a Cu sheet and 
exposure to 65°C/95% humidity for 12h showed gel content 60% after 
heating ethylene at 100°C for 24h. 
Erwin et al (78) studied the corrosion inhibiting properties of some 
aliphatic amines containing C.,2-21 ^rnines on metal parts of dryers. 
Barry and Chandler (79) investigated a film of VCIs for protection 
of electronic equipment. 
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Alink et al (80) investigated a method for vapour-phase corrosion 
inhibition and transport of inhibitor in the vapour phase to subsequent 
liquid corrosion sites in a gas lift process in which a lift gas is pumped 
into a well to facilitate petroleum production of the well comprises 
introducing to the lift gas an inhibiting amount of a dihydrothiazole. 
Moerdijk et al (81) studied reaction products of volatile weakly alky! 
substance and volatile weak acid. The inhibitors were mainly used for 
protection of metals and alloys in electronics and chemical process 
industry. 
Chandler et al (82) prepared biodegradable polyester plastic films 
(polymers resins) containing vapour phase corrosion inhibitor for the 
packaging and protection of metallic surfaces. These film are further 
characterize in that (a) the vapour-phase corrosion inhibitor is selected 
from amine salts, ammonium benzoate, triazolederivatives, alkali dibasic 
acid salts, alkali nitrite, tall oil imidazolines, alkali metal molybdates and 
their mixtures and is present in an amount of < 25% of the polymeric 
resin; and (b) the biodegradable resin products are blended with a 
suitable polymeric resin to provide finished products containing 1-3% 
VCIs. 
A plastic component containing a corrosion inhibiting component 
(VCI) and a resin is also provided wherein the corrosion inhibiting 
component includes 0.13% to 1.25% alkali metal nitrite, 1% to 5.63% 
alkali metal benzoate and 0.25% to 3.13% alkalimolybdate by weight of 
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plastic component. The plastic component can be formed into a film can 
be used to cover metal article thereby preventing corrosion (83). 
Shapira et al (84) examined the composition or premix based on 
volatile corrosion inhibitors useful for protecting metal parts against 
corrosion. 
Masao (85) investigated antirusting metal- packaging films comprise 
a-olefin-based polymers and volatile corrosion inhibitors, with good 
property retention under high temperature 50°C and relative humidity 
90%. 
Henderson et al (86) studied water-resistant multilayer anticorrosion 
polyolefin composite sheet, useful as packaging materials for metal during 
storage and transportation, comprises a high strength, tear resistant and 
flexible polyolefin scrim low density polyalefin layer which is impregnated 
with a vapour corrosion inhibitor (VCI) in solid form, bonded to the bottom 
surface of the scrim and a polyolefin barrier layer bonded to the upper 
surface of the scrim to reduce the transmission of water, water vapour, 
oxygen and other environmental gases through the composite material. 
1.8.1 Protection of Ferrous Metals 
Amine and amine salts effectively protect ferrous metals. Their 
inhibiting action is generally found to improve with increase in molecular 
size of the amines. Dicyclohexylamine and its salts (87-89) and other 
amines (87) are well known atmospheric corrosion inhibitors for ferrous 
alloys. 
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In a recent paper Vuorinen et al (90) investigated carboxylates salts 
of amines as vapour phase corrosion inhibitors for mild steel. These 
compounds showed effectiveness in excess of 90%. Morphaline was the 
most effective amine and caprylic acid the most effective acid constituent. 
Wei Gang et al (91) examined dichyclohexylamine nitrite was a 
chemisorbing inhibitor useful for rust prevention on steel and is used for 
sealing systems. 
Andreev et al (92) studied the effect of chemical nature of amines 
on the protective properties of their solution against corrosion of steel in 
vapour phase conditions. 
Chandler (93) developed biodegradable volatile corrosion inhibitor 
in harmony with concern for the environment. While these chemicals 
offer excellent protection to metal surfaces, they have a low impact on 
the environment. Corrosion protection and effect on environment of two 
of these amine containing inhibitors for the corrosion of carbon steel 
were studied, corrosion and toxicity testing demonstrated that the 
compounds not only provide excellent corrosion protection but also have 
low toxicity level when placed in a marine environment. 
Yu. I. Kuznetsov et al (94) studied the corrosion behaviour of 
stainless steel type-3 in hydrogen sulfide media. The inhibition effects 
of a volatile, water soluble inhibitors (IPKHAN 72) and the starting 
aliphatic amines for its synthesis were compared. IPKHAN 72 was more 
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effective especially in the presence of COj. in CO2- free hydrogen sulfide 
media, IPKHAN 72 functions as an anodic inhibitor. In the presence of 
CO2, it also declerates the cathodic process. 
Quraishi et a! (95) synthesized a new family of vapour phase 
corrosion inhibitors comprising of six members by the reaction of a 
heterocyclic base, formaldehyde and ketones. The inhibiting action of 
these compound has been evaluated for corrosion of mild steel at 100% 
relative humidity after 30 days by weight loss and potentiodynamic 
polarisation methods. Inhibitors containing piperidine exhibited better 
performance than those containing morpholine and dimethylamine. 
Potentiodynamic polarization studies have revealed that all the 
compounds are predominantly anodic in nature. 
Subramanian et al (96) studied the corrosion inhibiting behaviour 
of morpholine and its salts such as carbonate, borate and phosphate on 
mild steel at 40°C in 100% RH using modified cell design and other 
methods. Of these morpholine and its carbonate salt exhibited 90 and 
85% IE respectively, whereas the other salts showed less than 40% I.E. 
Marczak et al (97) synthesized the oxazolidine derivatives (as 
vapour phase corrosion inhibi tors for steels) are produced by 
condensation of N-methylethanolamine with aliphatic aldehydes in 
equimolar amounts in the presence of a neutral organic solvent. 
Preferably the resulting produces are purified by vacuum distillation. 
Optionally, the products are dissolved in an oil base. 
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Leng (98) investigated the inhibition mechanism of a typical vapour 
phase inhibitor (ammonium benzoate) on iron under atmospheric 
corrosion conditions. It showed that the rate of the anodic and cathodic 
partial reactions of the corrosion process are strongly effected by the 
thickness of the electrolyte layer. Due to presence of the inhibitor the 
surface is passivated. 
Vuorinen et al (99) found cyclohexylamine sorbate/borate, 
morpholine laurate/zelate/sebcate/thiophenolate and morpholine mannich 
base derivatives to be effective VCIs for steel. 
Bact ides et al (100) eva luated the inh ib i t ing act ion of 
dicyclohexylammonium nitrite and dicyclohexylamine for corrosion of 
steel at 100% relative humidity. 
Naphtheone vapour at 250-350°C found to be effective VPI for steel 
in HCI vapours (101). 
Lee Bum Sung et al (102) studied the effect of additions of various 
binders, fillers and reducing agents on the protective action of a volatile 
inhibitor based on hexamethylene tetramine in corrosion of iron and its 
alloys in humid atmosphere. It has been suggested that the protective 
action is based on the reaction: 
CeH^2^4 + 4NaN02+IOH2O - ^ 6HCH0 + 4NH4NO2 + 4NaOH 
NH^NOj and NaOH reducing the iron corrosion 
Effect of several volatile inhibitors based on dicyclohexylammonium 
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nitrite, amino compounds e.g. hexamethylene tetramine, Pb, Ca and Al 
Stereates and aromatic and alphatic acids on atmospheric corrosion (90% 
RH at 40°C) of cold rolled iron has been studied by Asahara Ternzo et al 
(103). 
A composition containing NaN02, triethanol amine and a low 
molecular weight surfactant e.g. napthethanic or aliphatic have been 
found to be highly effective in field test for ferrous alloys (104). Here 
surfactants act as wetting agent and substantially improve effectiveness 
of compositions. 
Acylation product of lanolin or multibasic alcohol as pentaerythritol, 
glycerol, sorbitol etc. dissolved in oils, kerosine or organic solvents have 
been reported to protect iron and steel in humid atmosphere (105). 
Saverina et al (106) patented a formulation comprising of aliphatic 
amines RCH:NR' (R and R' = alkyl group) which protects steel in acid 
and NaCI atmospheres. 
1.8.2 Protection of Copper and Copper Alloys 
It is well known that an inhibitor effective for one metal can stimulate 
attack or be ineffective on some other metals and alloys. Thus 
Dicyclohexylammonium nitrites (Dichan) which were potentially effective 
for iron an steels accelerate the attack on copper and its alloys e.g. 
brass and bronze. 
Triazole based compounds were well known vapours as well as liquid 
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phase corrosion inhibitors for copper metal and its alloys. Benzotriazole 
and tolyltriazole have been reported to have excellent inhibitory effect 
on copper and its alloys (107). 
Cyclohexylamine chromate (108) and thiourea derivatives 
particularly phenylthiourea (109) have been found to protect corrosion 
of brass. 
Barbior and Fiard observed (110) acetylenic alcohols to have 
considerable inhibiting effects on atmospheric corrosion of copper. 
Treatment of powdered copper with an aqueous solution of gelatine 
gave reliable protection against oxidation between operations and also 
improved corrosion resistance during storage (111). 
Losev and Plisov (112) observed the inhibiting effects of silicons 
amines e.g. dimethylaminomethyl triethoxysilane on atmospheric 
corrosion of copper. During the kinetic studies, they have observed on 
inflection point on the kinetic curves on transition from corrosion 
promotion to retardation. This has been explained by taking into account 
the dual role of silicones amine intensify corrosion of copper by forming 
complexes followed by hydrolysis of these complex compounds resulting 
in the formation of hydrophobic surface films of silicons which retard 
further corrosion. 
An aqueous solution of 5-50% complex phenol carboxylic acid or 
its ester (tannic, catechuic, caffeic, gallic, guinic, protectatechuic, 
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chlorogenic, tannin) and 0.1-20% water soluble heterocyclic compounds 
such as ethylene thiourea, mercptobenzothiozole, 2-aminoben2imidazole 
or 2-aminobenzothiazole have been reported to protect copper corrosion 
in aggressive environments during storage (113). 
1.8.3 Protection of Silver 
Silver is stable in reducing atmospheres and reacts vigorously in 
oxidising environments e.g. containing NO3 due to formation of non-
proteciive complex of silver. It is also very succeptible to attack by most 
sulphur compounds getting tarnished with a yellow, brown or black 
sulphide film. This metal is protected from HgS atmosphere by enclosing 
in paper impregnated with copper or zinc compounds. These materials 
are not vapour phase inhibitors in strict sense as they adsorb gaseous 
sulphur compounds to prevent reaction with silver metal. 
Dohi Nobuyasu et al (114) reported benzotriazole has an inhibiting 
effect on silver metal in H2S atmosphere. It has been suggested that the 
protective action of this inhibitor on the metal is due to the formation of 
protective layer on the metal surface which may be a complex of silver. 
Solution of chlorobenzotriazole in a polar solvent such as alcohol, 
ketone, glycol impregnated in packaging paper or the metal treated with 
this solution effectively protects the metal in H2S atmosphere (115). 
Polukarov (116) proposed a composition based on organic 
compounds for protecting the surface of Ag against tarnishing associated 
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with atmospheric corrosion in the presence of water vapour and hydrogen 
sulphide. The organic compounds contain higher fatty acids preferably 
stearic acid or ethylene glycol monostereate at cone. 3-5% and also a 
non-polar organic solvent preferably CCI^. 
Organosilicate compounds e.g. phenyl aminoethylene methyl di 
thox is i lane, 1-aminohexamethylene t r ie thox is i lane and diethyl 
aminomethylene triethoxisilane were found to have an inhibiting effect 
on silver coated on steel (117). The protector was applied by quickly 
dipping specimen into alcoholic solution of the inhibitors. Accelerated 
atmospheric corrosion test performed in NaCI and Mg CI2 vapours at 
60°C showed considerable inhibition. 
1.8.4 Protection of Aiuminium 
Aluminium metal is very susceptible to attack in saline atmosphere. 
Vapour of some nitrogen containing compounds particularly amino 
compounds and composition of two or more than two compounds are 
reported to have inhibiting effects towards corrosion of aluminium and 
its alloys. Some amines are reported to have protective actions on 
aluminium in HCI vapours (118). 
Mixtures of hexamethylene tetramine and NaN02 prepared as 
inhibited paper, powder or tablets were tested on aluminium specimens 
exposed in an atmosphere with 90% relative humidity at 40°C (119). The 
1:4 mixture provided the best protection. Addition of 6% milk casein or 
7% gum Arabic to this composition improved the protection. 
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The effect of var ious binders on inh ib i t ing propert ies of 
hexamethylene tetramine on aluminium corrosion in humid atmosphere 
has been reported (120). Of the various binders used the most 
pronounced effect is observed by polyvinyl alcohol (5-7%), milk casein 
(8-10%) and gum arable (9-10%). 
1.8.5 Protection of Ferrous and Non-ferrous Metals 
In order to develop a universal inhibitor which may protect ferrous 
as well as non-ferrous metals enormous amount of work had been done 
all over the world and indeed many formulations have been suggested. 
Recently Georg Reinhard et al (121) studied a sublimation-capable 
corrosion inhibiting mixture containing an aromatic mercaptothiazole, a 
water soluble multiple-substituted phenol, L-ascorbic acid or its salts 
and optionally a carboxylic acid/salt combination is suitable as a vapour 
phase corrosion inhibitor for protection of ferrous and non-ferrous metals 
in packaging or during storage in closed rooms. 
Zhang and Zhu (122) investigated N, N'-Bis (4-morpholinyl methyl) 
urea was prepared from urea and N-hydroxymethyl morpholine and 
characterized by IR and ""H-NMR. This compound was an excellent vapour 
phase corrosion inhibitor for ferrous metals and non-ferrous metals such 
as Cu, Al etc. Saturated vapour pressure of the inhibitor determined by 
kundsun method was 1.73 x 10"^ Pa at 23°C. Electrochemical polarization 
curve showed that compound inhibited cathodic process of metals. 
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Skinner et al (123) evaluated five vapour phase corrosion inhibitors 
(VCIs) for their inhibition characteristics with multimetals. The minimum 
dosage required for mild steel protection, the influence of sulphur dioxide 
contamination and durability were also investigated. Of the relatively 
new inhibitors, diethylammonia caprylate performed the best. 
Zhang and Zhu (124) evaluated the property of HA1 vapour phase 
inhibitor. It showed that HA1 has better protection for steel, copper and 
aluminium, compared with dicyclohexylaminenitrite. Its inhibition 
mechanism was studied by simulated atmospheric corrosion 
electrochemical technique. The results showed that it had inhibition effect 
for both anodic and cathodic electrochemical process of steel. 
Recently Quraishi et al (125) synthesized imidazoline salts and 
evaluated as VICs for ferrous and non-metals. The weight loss, Eschke 
test, NaCI inoculation test and SO2 test methods were used. All the 
investigated VICs exhibited good inhibition efficiency. 
Quraishi et al (126) synthesized lauric hydrazide and its salts as 
VCIs and tested on ferrous and non-ferrous metals such as mild steel, 
copper, brass, aluminium and zinc, by weight loss and potentiodynamic 
polarization methods. All the investigated VCIs exhibited good inhibition 
efficiency for all metals tested. Lauric hydrazide cinnamate showed best 
results among all compound studied. All inhibitors showed anodic 
behaviour. All the investigated compounds followed Temkin's adsorption 
isotherm. 
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Quraishi et al (127) studied corrosion inhibiting behaviour of 
diaminohexane salts on aluminium, zinc and mild steel by various 
standard methods. All the VCIs showed good inhibition efficiency for all 
metals. 
Subramanian et al (128) studied atmospheric corrosion of mild steel, 
copper and zinc in SOj environment under dynamic flow conditions by 
weight loss measurement, and their corrosion prevention by the use of 
volati le corrosion inhibitors such as cyclohexylamine (CHA) and 
dicyclohexylamine (DCHA) is discussed. These studies assume 
importance as SOg is one of the dominant pollutants in the atmosphere 
and more so in industrial belts affecting the stability of metal articles to 
a greater extent. 
Rajagopalan et al (129) examined the performance of m-
dinitrobenzene and p-naphthol as vapour phase inhibitors has been 
investigated at different humidities, and in presence and absence of 
sulphur dioxide and sodium chloride employing test specimens of mild 
steel and copper, zinc and aluminium. The two inhibitors give satisfactory 
protection to steel under a variety of experimental conditions and do not 
have an adverse effect on the non-ferrous metals. 
Benz imidazole, 2 -benz imidazo le th ia l , benzot r iaza le and 
mercaptobenzotriazole are reported to be effective for Cu, Al, Zn and 
their alloys (130). 
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Reaction products of methyl benzotriazole with water soluble 
guanidine class compounds such as guanidine carbonate or nitrate or 
methyl, dimethyl, trimethyl, ethyl or diethyl guanidine in a molar ratio of 
1:0.5-1:2 were found to be effective atmospheric corrosion inhibitors for 
Cu, brass, Sn, tin plated steel and Al (131). 
Products obtained by reaction of benzotriazole, ethylbenzotriazole 
and methyl benotriazole with soluble urea compounds e.g. urea, methyl, 
ethyl, propyl or dimethyl urea in molar ratio of 1:0.5-1:2 at 10°-60°C were 
found to be effective for Cu, steel, Al and Zn (132). 
The reaction product of benzotr iazole wi th polyamine e.g. 
ethylenediamine and carboxylic acid and dissolved in spindle oil, 
effectively resists atmospheric corrosion of Fe, Cu, Al and Zn (133). 
1.9 MECHANISM OF VAPOUR PHASE CORROSION INHIBITORS 
(VCIs) 
It is widely accepted that the vapour phase inhibitors function by 
getting adsorbed on to the metal surface and thus forming a protective 
layer that limits penetration of the corroding species (134). 
This mechanism is graphically in fol lowing Fig, in which two 
functional groups are attached to the nucleus R:R*, which is responsible 
for the adsorption of the inhibitor of the metal surface and R** which 
gives thickness and impenetrable nature to the protective inhibitor layer. 
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^ R* - - R - - R** 
Figure: Mechanism of corrosion inhibitor. 
A VCI reaches the surfaces that it must protect from through the 
vapour phase. This transport mechanism requires the VCI to have an 
optimum vapour pressure. If the vapour pressure of VCI is too low, the 
protective vapour concentration will be established only slowly. If the 
vapour pressure of the VCI is too high, its effectiveness will be limited to 
a short time as its consumption rate will be high. For These reasons, 
VCIs having 'optimum' volatility are required for any given situation. 
Rosenfeld et al (135) described the transport mechanism for di 
(cyclohexyl) amine nitrite involves vaporization of the inhibitor in a non-
dissociated molecular form, followed by hydrolysis on the metal surface. 
Rosenfeld et al (136) recorded the anodic and cathodic polarization 
curves of electrodes covered by a thin (approximately 100 micrometers 
thick) electrolyte layer during his study of inhibitors at the metal-solution 
interface and their effect on the corrosion processes. In this work, he 
demonstrated that inhibition can not be correlated to the alkalization 
process alone and that inhibition is usually due to the appropriate 
adsorbed organic cations on the metal surface. 
Romanita (137) reviewed the mechanism of action of organic N-
compounds, esters, amines, carbanimates and thiourea derivates as VCI 
for metals. 
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In all the cases, it has been suggested that adsorption of vapours 
of compounds play an important role for inhibition followed by secondary 
process e.g. reduction of molecules on the metal surface and thus 
exceeding critical current demities required for the passivation of metals. 
Some other reviews (138-140) dealing with the mechanism of action of 
atmospheric inhibitors also deserve attention. 
1.10 MEASUREMENT OF VAPOUR PRESSURE OF VCIs 
At some temperatures and pressure, a solid or liquid is in equilibrium 
with its vapour. This equilibrium pressure is called the vapour pressure 
of the solid or liquid. 
Select ion of a suitable inhibitor for a part icular metal and 
environment depends upon the vapour pressure of compounds. Vapour 
pressures of dicyclohexylamine nitrite and cyclohexylamine carbonate 
e.g. are 0.0002 and 0.04 mmHg respectively at 25°C and both are 
effective for steel, Al and tin plate. The later compound exerts 2000 times 
higher vapour pressure than former inhibitor and therefore it is advisable 
to use it in system where the pack is opened frequently as its vapour 
saturates the container quickly. Measurement of vapour pressure, 
therefore plays an important role in developing the inhibitors for various 
systems. 
Knudsen effusion method (141) was used to determine saturated 
vapour pressure of inhibitors and their temperature dependence, it 
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consists of measuring the rate of gas effusion through a small orifice. 
The vapour pressure of inhibitor, depending on temperature, can 
satisfactorily conform the straight line in log P Vs l/T coordinate system, 
This makes it possible to calculate the latent heat of sublimation by 
clapeyron-clausius equation. 
Andreev (142) studied vapour pressure of VCIs based on the free 
energy linearity principle and on the scale of E.R constants, which reflect 
the contribution of an R substituent to the free energy of vaporization of 
organic compound, an approach for predicting the vapour pressure of 
volatile organic inhibitors Is analysed. 
One of the most convenient static methods is isoteniscope. This 
was used to determine the vapour perssure of liquids (143). 
For solids, vapour pressure measurements were carried out by the 
Regnault dynamic method (144). A weighed amount of inhibitor was 
heated at constant temperature in a slow stream of oxygen free nitrogen 
gas and the loss in weight was measured. Barometric pressure were 
recorded to reduce the volume of nitrogen to 760 mm pressure. The 
temperature range was from 25°C to 60°C. The rate of volatilization of 
the compound at various temperatures was obtained. 
Total volume of compound Total pressure 
Volume of the vapour Vapour 
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Thus, a vapour pressure temperature curve was obtained, which 
was used to predict the vapour perssure of the compound. The accuracy 
of the method was subject to the position of temperature control and 
barometric pressure measurements. 
The vapour pressure measured using microbalance by following loss 
in weight at controlled temperature after due calibration with compounds 
of known vapour pressure (145). 
1.11 Evaluation of VCIs 
Romanov and Khanovich (146) evaluated the effectiveness of VCIs 
in terms of the following parameters. 
(i) time of inhibitor loss 
(ii) relative loss of inhibitor 
(iii) time of appearance of first corrosion products 
(iv) relative residual quantity of inhibitor when corrosion starts. 
(v) rate of corrosion and 
(vi) factor that allows for the nature of corrosion. 
Various accelerated corrosion test were in use. Before using any of 
these tests, one must exercise caution (147). Experimental results of 
accelerated tests in which artificially increased concentration of corrosive 
agents, e.g. SO2, H2S or NaCI were used should be compared to actual 
field performance only after proper calibrations. This warning was also 
expressed by Rosenfeld et al (148) explaining that reproducibility of data 
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depends upon experiment parameters that are inherent properties of the 
test method employed. 
A widely used evaluating method to describe the relative abilities 
of inhibitors to prevent rusting of steel is described under ASTM D 1448 
'Rust Protection by Metal Preservatives in the Humidity cabinet'. The 
summary of this method is stated as follows steel panels are prepared to 
a prescribed surface finish, dipped in the test oil, allowed to drain and 
then suspended in a humidity cabinet at 48.9°C ± 1.1°C (120 ± 2°F) far a 
specified number of hours. The oil fails or passes the test according to 
the size and number of rust dots on the test surfaces of panels. An 
essentially identical test method is described under Federal Test Method 
standard No. 7918, Method 5329.1. Corrosion Protection (Humidity 
cabinet). 
A simple four point probe design using two Cu-wire to monitor the 
efficiency of a volatile corrosion inhibitor (VCI) is described by Jalger et 
al (149). Testing consisted of an aggressive atmosphere containing H2S 
and relative humidity > 80% to accelerate the corrosion process. The 
unprotected samples showed a greater voltage increase than the inhibited 
samples. Comparing the two rates identifies a higher corrosion rate for 
the unprotected sample and identifies on inhibitor efficacy for the inhibited 
samples. In addition, SEM images revealed different surface changes in 
the oxide for the Cu surfaces. 
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Furman and Chandler (150) studied the protective properties of 
vapour corrosion inhibitors are directly related to their ability to adsorb 
on the metal surface, the adsorption process is used to evaluate their 
performance. Their effectiveness is measured by various military 
specifications and Federal Standards. Testing procedures developed by 
cortec Corp. for evaluating their performance include F-12 cycling 
corrosion test, SO2 test procedure and razor blade test. 
Zhou Halhi (151) studied the inhibition performance of several VCIs 
for carbon steel (0.45% C), 18-8 stainless-steel and H-62 brass was 
examined. Based on analysis of E-T attenuation curves, relevant 
parameters Rp, Cj, Rf and Cf in equivalent circuit for the electrode system 
were obtained, thus the inhibitors could be evaluated quickly, the results 
from the static coulometric method were consistent with those from weight 
loss testing. 
Fujita Toshio (152) examined the quality, efficiency, testing methods 
of water and oil soluble volatile corrosion inhibitors (VCIs) and the effect 
of inhibitors on plastics. 
Lea (153) used to detect and determine the depth-distribution of 
trace quantities of boron in the surface layer of an iron-chromium steel 
such a technique can obviously to expanded to many other inhibitor 
system. The use of another analytical method, electron spectroscopy for 
chemical analysis(ESCA), with its unique capabilities for surface analysis 
also offers promise for these investigations. ESCA probes only the top 
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30 to 50 A°of a surface but it provides elemental analysis and chemical 
bonding information, it is also a non-destructive method that analysis 
any solid surface. It is sensitive to all elements except hydrogen. 
A number of other methods have also been used for the investigation 
and evaluation of VCIs. Measurement of the quantity of inhibitor adsorbed 
on the metal surface may be accomplish by the use of sufficiently sensitive 
microbalance (154). 
Rosenfeld (155) followed the degree of VCI-provided protection of 
metal specimen by measurement of changes in their chronic resistance. 
Kar (156) used capacitance measurements in kinetic studies of electric 
double layer on the metal surface. Electrochemical methods for 
investigation of VCIs have been used by many researchers. 
Auto radiography was used by Hendr icksen (157) for the 
determination of surface distribution of VCIs. Hendricksen also showed 
that when metal surface were exposed to VCIs in closed containers, they 
were covered by a hydrophobic adsorbed layer. He measured the contact 
angle of distilled water on these surfaces. 
Schwabe (158) used radiochemical methods to evaluate C-
containing di(cyclohexyl)amine and its nitrite and dibenzylsulfoxide. 
Polling (159) used infrared techniques to study VCI deposits. Yu Yao 
(160) used mass spectorscopy to study the effect of various amines as 
corrosion inhibitors or iron surfaces. 
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1.12 METHODS OF APPLICATION OF VCIs 
VCIs are available in many different media, common formulations 
include oils and greases, points and coatings, plastic films and wrapping 
papers, powders, fluids and emitter/vaporise devices. Selection of the 
correct VCI delivery medium may be the single most important factor in 
the effectiveness of the method (161). 
1.12.1 Powders 
Protecting voids and enclosed spaces is always a problem. Painting 
these spaces is difficult. Surface preparation costs are high and results 
can be marginal if there are a lot of stiffener, welds and fittings. Applying 
a high-quality multi-coat paint system is almost impossible, final welding 
and fabrication destroys paint film at the weld a practical solution is to 
fabricate the assembly, then install VCI powder though access holes or 
fittings. If further weld is necessary on the shell of the old, the VCIs 
volatilize at the heated area, then re-deposit on cooling. VCI vapours 
penetrate crevices, lap welded joints, or blow holes in the weld itself. 
The common use of VCI powder is void protection. Applications 
include interiors of pipe (as manufactured or as a fabricated assembly), 
sea-land containers, ships and box beams for bridges and dams. VCI 
powder is used to protect process equipment such as heat exchangers, 
pumps, boilers, boiler tubing, reactors, oil and product storage tanks for 
months and years. 
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Being a powder, it is important tliat distribution be relatively uniform 
in equipment. Where there are complex internals, dead areas: multiple 
bends and interior baffles, careful consideration must be given to achieve 
good distribution. Powder particle size is important as is providing internal 
flow paths, opening flanges, values and possibly suction or fans to 
promote distribution. 
1.12.2 Emittes/Vaporizers 
The problem of protecting electrical and electronic components is 
another difficult task. Most components are manufactured with degree 
of corrosion protection, depending on many factors. 
Vaporizers emitters, cuches or similar devices are used to provide 
corrosion protection over a broad range of conditions. Installation can 
be part of factory packaging or applied later. A blend of VCI powder is 
incorporated into foam or packaged in paper or plastic containers. These 
containers allow a controlled release of VCI vapours into an enclosed 
space over time. This delivery method eliminates dust or loose powder. 
A closed space is necessary for the vapourizer to be effective. An 
electrical panel, control cabinet, or even packaging such as plastic bag 
or a cardboard box is sufficient. VCI molecules deposit on the metal, 
protecting delicate electronic and electrical circuits, finely machined 
surface, and deep crevices, even in aggressive atmospheres. The 
equipment typically can remain active while it is being protected. There 
is no need for removal of the VCIs device other than to replace it at the 
end of its service life. 
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1.12.3 Liquid VCIs 
Protection of highly ventilated electrical enclosures and fixtures is 
another difficult corrosion problem. Moisture and corrosive gases slowly 
attack painted and unpainted surfaces. Protective of small parts (or large, 
unpainted machined surfaces) from corrosion, including nuts, bolts, 
hinges, motor shafts, coupling and mechanical seals, is a problem 
because many parts can not be painted. 
For electrical applications, the combination of a emitter/Vapourizer 
and a liquid VCI electrical spray gives excellent protection even with 
ventilation or frequent opening of the container. This spray contains 
contact inhibitors and VCIs that vapourize quickly, providing almost 
instantaneous protection. 
1.12.4 Temporary Inhibitor Coatings (TICs) 
TICs are an ideal answer when surface protection is needed and 
paint is not really the answer. Painted equipment still has bars metal, 
sharp edges, hinges, hydraulic cylinder rams, plated parts and other 
surfaces that may suffer from corrosion overtime. TICs (clear, translucent 
or tinted) can be applied over most surfaces and are easily removed 
(not always necessary) just prior to use. 
VCIs and contact inhibitors are incorporated into oils, water-based 
resins and other careers to produce these TLCs. These inhibitor films 
provide very effective protective properties at low film thickness (0.5 mil 
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to 5 mil). They can withstand months and years of outside exposure. 
Several have the ability to be applied over salt-rusted steel, totally 
stopping corrosion activity for months or years. Many of these films are 
softer and normal paint and this must be taken into account. 
1.12.5 VCI polyethylene and Paper 
VCI plastic films and papers are used when normal packaging does 
not work and vacuum or desiccant packaging is too expensive, difficult 
or still fails from the rigars of the real world. 
Incorporation of VCIs into the packaging reduces chances for 
corrosion to start. Complex machinery has many components that are 
susceptible to corrosive attack. Spar parts are packaged in VCI paper, 
VCI plastic such as stretch or shrink film, VCI Ziplock bags or dipped in 
VCIs prior to packaging. VCIs pallet covers protect skids of parts or 
equipment quickly and economically. Corrosion damage is minimized, at 
low cost. 
1.13 APPLICATION OF VCIs 
VCIs allow the electrical and mechanical parts to operate at 100% 
efficiency. Switch boxes, electrical and electronic equipment, instrument 
cases and junction conducts are a few examples. VCIs allow protection 
of hard-to-service areas and areas where the physical contacts of stored 
parts can create galvanic couples. Tools chests, auto and aircraft parts, 
storage, mold storage and others are a few instances. 
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VCI are used during shutdown as well as during operating conditions. 
After shutdown, VCIs are introduced. The rapid initial protection 
achievable with VCI assures rapid corrosion control, which is prolonged 
for the whole period of the shutdown. 
1.14 AIM OF THE PRESENT WORK 
The aim of the present investigation was to synthesize some vapour 
phase corrosion inhibitors (VCIs) such as 2-cinnamyl imidazoline salts 
analogs to investigate their inhibitive action on the corrosion of mild steel, 
brass and copper under vapour phase conditions. The choice for the 
selection of the inhibitors is based on the presence of lone pair of 
electrons present on the N atoms of the inhibitors molecules, which 
facilitate adsorption of these inhibitors onto the metal surface. 
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Chapter-n 
Experimental 
2.1 MATERIALS 
2.1.1 Test specimen 
Corrosion experiment were carried out on mild steel, brass, and 
copper. Specimens of size 2.5 by 2.0 by 0.025 cm and size 5.0 by 2.0 by 
0.025 cm were used. 
2.1.2 Investigated Inhibitors 
S.No. Name Structure M.P Mol.Wt 
1. 2-Cinnamyl Imidazoline 
Salicylate (CIS) 
LjLcH^CH-CgHs 620c 310 
2. 2- Cinnamyl Imidazoline 
Maleate (CIM) 
3. 2- Cinnamyl Imidazoline 
Nitrobenzoate (CIN) 
I 
H.HOOC-
\ / 
)H 
CH=CH-C6H5 
H.HOOC-CH-CH-COOH 
95°C 288 
N 
CH^CH-CgHs 115OC 324 
H.HOOC-
\ / 
NO, 
'N 
CH=CH-C6H5 
4. 2-Cinnamyl Imidazoline H.HOOC-
Phthalate (CIP) COOH 
98°C 338 
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2.1.3 Synthesis of inhibitors (Scheme-I) 
2-Cinnamyl imidazoline was synthesized according to the procedure 
reported in the literature (162) and the salts were prepared by following 
methods: 
(1) 2-Cinnamyl Imidazoline Salicylate (CIS) 
Dissolving equimolar amount of 2-cinnamyl imidazoline and salicylic 
acid in ethanol. The reaction mixture was stirred for one hour at 40°C. 
The presipitated compound was filtered and crystallized from ethanol. 
(2) 2-Cinnamyl Imidazoline Maleate (CIM) 
Disolving equimolar amount of 2-cinnamyl imidazaline and maleic 
acid in ethanol. The reaction mixture was stirred for one hour at 40°C. 
The precipitated compound was filtered and crystallized from ethanol. 
(3) 2-Cinnamyl Imidazoline Nitrobenzoate (CIN) 
Dissolving equimolar amount of 2-cimamyl imidazaline and 
nitrobenzoic acid in ethanol. The reaction mixture was stirred for one 
hour at 40°C. The precipitated compound was filtered and crystallized 
from ethanol. 
(4) 2-Cinnamyl Imidazoline Phthalate (CIP) 
Dissolving equimolar amount of 2-cinnamyl imidazoline and phthalic 
acid in ethanol. The reaction mixture was stirred for one hour at 40°C. 
The precipitated compound was filtered and crystallized from ethanol. 
55 /•''5^- Sr^s > 
•!>.• "c. N o _ ^ 
-N 
CH=CH-C6H5 R 
N 
CH=CH-C<;H5 
H H.R 
R= (^  V-COOH 2. R= HO2 CCH = CHCO2H 
R= 4^  ^-COOH 
NO, 
4. R= / \-COOH 
COOH 
Scheme-I 
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2.2 Techniques Employed 
The following techniques/methods were used in the present 
investigations. 
(i) Weight loss technique 
(ii) Eschke test 
(iii) Sodium chloride (NaCI) inoculation test 
(iv) Sulfur dioxide (SOg) test 
(v) Vapour-pressure determination 
2.2.1 Weight loss method 
Corrosion experiments were carried out using ferrous and non-
ferrous metals viz. mildsteel, brass, and copper. The strips of size 2.5 
cm by 2.0 cm by 0.025 cm polished by emery paper of no. 1/0, 2/0 and 
3/0 were used for weight loss measurement studies. Weight loss 
experiments were carried out in the absence and presence of inhibitors 
at a fixded cone, of 500 ppm using tight fitting rubber cork 250 ml conial 
flasks containing 25mi water glycerine mixture (17.5 ml water and 7.5ml 
glycerine) to produce 90% relative humidity. The concentration of 
inhibitors used for the study was taken according to the volume of conical 
flask. The metal specimens were suspended in these flasks by nylon 
tags and just below of these specimens weighed vapour phase corrosino 
inhibitors (VCIs) samples were kept in a glass container as not to be in 
contact with liquid inside the conical flasks. The conical flasks were kept 
in an air thermostat set at tmperature 40±1°C. The experiment was 
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conducted for 20 days. The coupens were placed in inhibited acid bath 
to remove corrosin products then weighed. 
The percentage inhibition efficiency (%IE) was calculated using 
following equation 
% I.E. = ^ 0 " ^ X100 
Wo 
where, I.E. = Inhibition efficiency 
WQ = Weight loss of metal in absence of inhibitor 
W = Weight loss of metal in prsence of inibitor. 
2.2.2 Eschke test 
Eschke test was carried out as per procedure reported in literature 
(150) using mildsteel, brass and copper. The strips of size 5.0cm by 2.0 
cm by 0.025 cm polished by emery papers of no. 1/0, 2/0 and 3/0 were 
used for Eschke test. The specimens were wrapped in single layer of 
inhibitor impragnated kraft papers and suspended in climate cabinet 
maintained at 90% relative humidity. One gm/ft^of inhibitors were used 
for the experiment. The temperature cycle was set at 40±1°C for 12 hours 
and at room temperature for another 12 hours for condensation of 
moisture. The duration of the test was 14 days. A similar experiment was 
done with metals covered with untreated kraft paper (control). 
2.2.3 Sodium Chloride Inoculatin Test 
Salt inoculation test was carried out as per procedure reported in 
literature (128) using mildsteel, brass and copper. The strips of size 5.0 
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cm by 2.0 cm by 0.025 cm polished by emery papers of no. 1/0, 2/0 and 
3/0 were used for salt inoculation test. 0.1 g of sodium chliride was placed 
in 200ml carbon tetrachloride and the whole solution was stirred by 
magnetic stirrer. The metal specimen were introduced in the stirred 
solution for 3-4 seconds and taken out when approximately 10-12 
particles of salt were deposited at random on each side of metal surface. 
One side of the metal surface was cleaned off the salt particles and 
whole metal surface was wrapped in single layer of inhibitor impragnated 
kraft paper and suspended in climatic cabinet maintained at 90% relative 
humidity. One gm/ft^ of various inhibitors were used for the experiment. 
The temperature cycle was set at 40±1°C for 12hours and at room 
temperature for another 12 hours for condensation of the moisture. The 
duration of the test was 14 days. A similar experiment was done with 
metals covered with untreated kraft paper (control). 
2.2.4 Sulfurdioxide (SOj) Test 
SO2 test was carried out as per procedrue reported in literature 
(150) using midlsteel, brass and copper. The strips of size 5.0 cm by 2.0 
cm by 0.025 cm polished by emery papers of no. 1/0, 2/0 and 3/0 were 
used for SO2 test. The metal specimens were placed inside one-litre 
glass container. Weighed vapour phase corrosion inhibitor (VCI) was 
kept inside the container. A small beaker containing 0.04g of sodium 
thiosulphate was placed inside the container. 50 ml capacity beaker 
containing 30 ml aqueous solution of salt (1 % NH^CI + 1 % Na2S0^) was 
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placed inside the container. 0.5 ml of IN sulfuric acid was directly added 
to the beaker containing sodium thiosulphate and the glass container 
was immediately sealed. The glass container was placed in an oven set 
at 40±1°C for the duration of 16 hours and at room temperature for 
another 8 hours. A similar experiment was done with the one-litre glass 
container in absence of VCi compound (control). 
2.2.5 Vapour Pressure Determination 
A standard Knudsen method (141) was used to determine the vapour 
pressure of the inhibitors. Weighed compound was placed in a glass 
container having on orifice of 1.0mm diameter. The glass container was 
placed in an oven set at 40±1°C for 20 days. Loss in mass was measured 
by an electronic balance and the values were put into the formula given 
below: 
W r27iRTV '^ 
P = xl 
Axt 
where, 
I M ) 
P = Vapour pressure of the inhibitor in Pascal (Pa) 
(1Pa = 752.47x10-5 mmHg) 
A = Area of the arifice in m-^  
t = Time of the exposure in second. 
W = Weight of evaporated substance in kilogram. 
T = Temperature in kelvin. 
M = Molecular mass of the compound in kilogram. 
R = Gas constant (8.314 JK-''mo|-''). 
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Chapter-Ill 
Results and Discussion 
This Chapter describes the behaviour of some 2-Cinnamyl 
Imidazoline salts as- corrosion inhibitors (VCIs) on mild steel, brass and 
copper under vapour phase conditions. The fol lowing 2-cinnamyl 
Imidazoline salts are selected for the persent investigation 
1. 2-Cinnamyl Imidazoline salicylate (CIS). 
2. 2-Cinnamyl Imidazoline Maleate (CIM). 
3. 2-Cinnamyl Imidazoline Nitrobenzoate (CIN). 
4. 2-Cinnamyl Imidazoline Phthalate (CIP). 
The inhibitive action of the above mentioned compounds was studied 
employing the weightless method, Eschke test, sodium chloride 
innoculation test, sulfurdioxide test. The vapour pressure of the 
compounds was determined by Knudsen method. 
3.1 Weight Loss Method 
The values of percentage inhibition efficiency (%I.E.) and corrosion 
rate (CR) obtained by weight loss method at 500 ppm concentration of 
VCIs for different metals at 40±1°C are summarized in able 3.1. The 
%I.E. was calculated using the folloiwng equation-
%I.E.= ^W°-W^ 
W 
XI00 
) 
Where, 
W° = Weight loss of the metal in the absence of inhibitors. 
W = Weight loss of the metal in the persence of inhibitors. 
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The corrosio rate (CR) was calculated uisng the following formula 
KxW 
L..R.-^ 
AxTxD 
where, 
K = A constant (8.76x1 C* for mmpy). 
W = Weight loss in gram. 
A = Area of the metal coupon in cm^. 
T = Time exposuer in hour. 
D = Density of the metal in gm/cm^. 
It is evident from the results that all compounds inhibit the corrosion 
of mild steel, brass and copper. Inhibition efficiency for all these 
compounds is found to good at the concentration of 500 ppm 2-cinniamyl 
imidazoline phthlate (CIP) salt is found to give maximum efficiency. 
The inhibition efficiency values of examines salts follow the order 
CIP >CIN > CIM > CIS 
The effectiveness of a given compound as a corrosion inhibitors 
depends on the structure of the organic compounds (163). The variation 
of inhibition efficiency mainly depends on the type and nature of the 
substituents present in the inhibitor molecule (164). Thus on the basis 
of the above mentioned factors, the difference in protective action of 
the salts can be explained. 
In the present investigation phthalate salt of 2-cinnamyl imidazoline 
has exhibited good performance as corrosion inhibitor due to presence 
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of two COOH groups thereby giving high I.E. The corrosion inhibiting 
action of nitrobenzoate is attributed to the presence of nitro group and 
carboxylate anion. Inhibitive action of maleate is attributed to the 
presence of double bond between -C=C- atoms through which they adsorb 
strongly onto the surface of metals. Inhibitive action of salicylate is 
attributed to the presence of -OH group and carboxylate anion. 
3.2 Eschke Test 
The visual observations of metal specimens offer this test are 
summarized in Table 3.2. The results show that minimum corrosion is 
taking place in presence of 2-cinnamyl imidazoline phthalate (CIP). 
3.3 Salt Inoculation Test 
The result obtained when the metals are inoculated with sodium 
chloride in absence (control) and presence of CIP is shown in Table 
3.3.. The ersults show that number of nucleation is minimize in inhibiting 
coupon containing 2-cinnamyl imidazoline phthalate (CIP). 
3.4 Sulfurdioxide (SOj) Test 
The result obtained in the presence of sulfor dioxide in absence 
(control) and presence of CIP is shown in Table 3.4. The results show 
that minimum corrosion is taking place for the inhibiting coupon containing 
2-cinnamyl imidazoline phthalate (CIP). 
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3.5 Vapour Pressure Determination 
The values of vapour pressure of the inhibitors obtained from 
Knudsen method are summarized in Table 3.5. It is evident from the 
results that investigated compounds are effective corrosion inhibitors 
giving long lasting protective effect on the metal surface in atmospheric 
corrosion. 
3.6 Mechanism of Corrosion inhibition 
Inhibition of metallic corrosion in presence of 2-cinnamyl imidazaline 
salts involves vapourization of the inhibitors in a non-dissociated 
molecular form, followed by hydrolysis of the salts into carboxylate anions 
(RCOO') and organic cations (RCONHNHg*). Anions are adsorbed on the 
anodic site of the metal and inhibit anodic reaction while organic cations 
are adsorbed on cathodic site thereby preventing cathodic reaction. 
Corrosion inhibiting action of the imidazolines is attributed to the prsence 
of 7i-electrons and lone pair of electrons present on N atoms of the 
imidazoline molecule, which facilitate adsorption of inhibitor molecules 
onto the metal surface. 
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Table 3.1 Weight loss parameters obtained for 500 ppm concen-
tration of VCIs at 40±1°Cand 90% relative humidity for 20 
days for various metals 
System Weight loss 
(mg) 
IE 
(%) 
Corrosion 
rate 
(mmpyxlO'^) 
Mildsteel 34.5 - 8.00 
CIS 2.8 92.00 0.65 
CIM 2.3 93.37 0.53 
CIN 1.9 94.50 0.44 
CIP 1.5 95.75 0.35 
Brass 8.4 - 1.79 
CIS 2.4 71.50 0.51 
CIM 1.7 79.88 0.36 
CIN 1.5 82.68 0.32 
CIP 1.2 86.03 0.25 
Copper 5.7 - 1.16 
CIS 1.3 77.58 0.26 
CIM 0.9 84.48 0.18 
CIN 0.6 89.65 0.12 
CIP 0.4 93.10 0.08 
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Table 3.2 Results obtained from Eschke test for 500 ppm of CIP at 
40±1°C and 90% relative humidity for 14 days for various 
metals 
System Visual observation Corrosion rate 
(mmpyxlO'^) 
Mild steel 
(control) 
CIP 
Moderate to heavy rusting 
2-3 rusted stop 
4.6 
1.0 
Brass 
(control) 
CIP 
Moderate to heavy tarnishing 
Slight tarnishing 
3.3 
0.9 
Copper 
(control) 
CIP 
Moderate to heavy tarnishing 
Slight tarnishing 
2.8 
0.6 
Table 3.3 Results obtained from salt inoculation test for 500 ppm 
of CIP at 40±1°C and 90% relative humidity for 14 days for 
various metals 
System Visual observation Corrosion rate 
(mmpyxlO'^) 
Mild steel 
(control) 
CIP 
Whole surface covered with 
patches of brownish-red spots 
Rusting restricted to nuclei, 
rest of the surface bright 
and unattacked 
12.5 
3.9 
Brass 
(control) 
CIP 
Rusting around nuclei 
Slight rusting around nuclei 
3.4 
1.9 
Copper 
(control) 
CIP 
Rusting around nuclei 
Slight rusting around nuclei 
2.4 
1.8 
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Table 3.4 Results obtained from SOj test for SOOppm of CIP at 
40±1°C for 24 hours for various metals 
System Visual observation Corrosion rate 
(mmpyxlO'^) 
Mild steel 
(control) 
CIP 
Severely rusted all over 
the surface 
No rusting, Bright surface 
4.0 
3.5 
Brass 
(control) 
CIP 
Moderate to heavy tarnishing 
Slight tarnishing 
0.16 
0.04 
Copper 
(control) 
CIP 
Heavy tarnishing 
Slight tarnishing 
0.5 
0.3 
Table 3.5 Vapour pressure of VCIs at 40±1°C for 20 days 
S.No. Compounds Vapour Pressure 
(mmHg) 
1. CIS 84.0x10-^ 
2. CIM 22.2x10-^ 
3. CIN 10.2x10"^ 
4. CIP 10.5x10'^ 
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Chaptcr-IV 
Summary 
^ ^ 
Corrosion is a major problem in several industries. It causes 
enormous wastage of metallic materials, which leads to heavy economic 
losses all over the world. In India the monetary losses due to corrosion 
have been estimated as high as Rs. 30,000 crores per year. 
Among the available methods of preventing corrosion, the use of 
inhbitors is one of the most promising methods particularly for closed 
systems. Due to the ease of application and cost-effectiveness, it has 
attracted a great deal of attention of corrosion scientists and engineers 
all over the words. 
Million of rupees worth metals and alloys are lost every year due to 
atmosphereic corrosion, results from the individual and combined action 
of oxygen, moisture and atmospheric pollutants. 
There are several ways to prevent atmospheric corrosion, while 
methods such as the use of an inert atmospheric, dehumidification, or 
coatings are fine in some applications, they may not be appropriate in 
others because of cost or practicability. The use of vapour phase 
corrosion inhibitors (VCIs) is an effective and relatively inexpensive 
method of controlling corrosion problem in closed environments. VCIs 
aer powerful enough to stop corrosion of metals even in the presence of 
high humidity, heat and chemicals such as sulfer oxides, hydrogen 
sulphides and even in chlorine. VCIs, while having an appropriate vapur 
pressure possess high passivating properties, strong tendencies towards 
surface adsorption and the ability to form a comparatively strong and 
stable bond with the metal surface. 
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The work described in the present dissertation deals with the study 
of some 2-cinnamyl imidazoline salts on inhibition of corrosion of 
mildsteel, brass and copper under vapour phase conditions. The 
Molecular structure of VCIs selected for the investigation are given below. 
S.No. Molecular structure Name and Abbreviation 
s, .^^CH=CH-C6H5 
1 
H.R 
1. R = / VcOOH 
OH 
2-Cmnamyl Imidazoline 
salicylate (CIS) 
2. R = H02CCH=CHC02H 2-Cinnamyl Imidazoline 
maleate (CIM) 
3. R={^ VcOOH 
NO2 
2-cinnamyl imidazoline 
nitrobenzoate (CIN) 
4. ^=\ VcOOH 
COOH 
Cinnamyl imidazoline 
phthalate (CIP) 
The dissertation begins with an introduction highlighting the 
economic and technological significance of corrosion. Further various 
forms and theories of corrosion have been described which help in 
understanding the mechanism of corrosion. Special emphasis has been 
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given to the mode of action of v s ^ u r phase corrosion inhibitors (VCIs) 
towards corrosion prevention. The account of various techniques used 
for investigation of corrosion have also been discussed briefly. Literature 
on VCIs has been incorporated. The aim of the present investigation 
has also been stated. 
The descript ion of synthesis of inhibitors and experimental 
techniques adopted such as weight loss method, Eschke test, salt 
inoculation tet, SO2 test and vapour perssuer determination have been 
described in experimental section. 
The results obtained from weight loss method, Eschke test, salt 
inoculation test, SO2 test and vapour pressure determination have been 
discussed in term of various parameters such as inhibition efficiency, 
corrosion-rate, visual observations of metals and vapour pressure of 
inhibitors. The results show that all the salts of 2-cinnomyl imidazoline 
inhibit corrosion of mildsteel, brass and copper under vapour phase 
conditions. 
All VCIs have shown good IE, which may be attributed of a physical 
barrier between metal and corrosive environment by the interaction of 
metal and inhibitor molecules. The corrosion inhibiting action of the VCIs 
is attributed to the presence of lone pair of electrons present on the N 
atoms of the inhibitor molecules, which facilitate adsorption of these 
inhibitors onto the metal surface. Phthalate salt exhibited highest IE for 
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all the metals. It gave 95.75%, 86.03% and 93.1% for mild steel, brass 
and copper respectively. 
The results obtained by other methods i.e. Eschke test, salt 
inoculation test, SO2 test and the vapour perssure determined by knudsen 
method are supported effectiveness of 2-cinnamyl imidazoline phthaiate. 
Conclusions 
1. All vapour phase corrosion inhibitors (VCIs) showed good inhibition 
efficiency for mild steel, brass and copper. 
2. All VCIs inhibited corrosion of metals by being adsorbed onto metal 
surface. 
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